Introduction
============

In the photosynthetic organisms of green lineage, light-harvesting complexes (LHCs) are membrane-embedded proteins that bind pigment molecules---chlorophylls (Chls) and carotenoids (Cars)---and whose ultimate role is to increase the absorption cross-section for charge separation, the primary step of photosynthetic reactions. The LHCs of plants and algae belong to the same gene superfamily[@cit1] and are highly homologous. However, they possess a high degree of tunability of pigment--protein and pigment--pigment interactions, which reflects into their vast conformational landscape and, consequently, into a wide range of excited state properties for their chlorophylls. These antennae are therefore able to switch between different emissive states, marked by distinct fluorescence spectra and chlorophyll excited state lifetimes,[@cit2]--[@cit6] a property that is essential to regulate and balance the amount of excitation in the photosynthetic membranes in response to changes in light intensity.[@cit7]--[@cit9] While a long-lived state is required in low light to maximize the efficiency of energy transport towards the reaction center (RC), a short-lived (quenched) state is needed to safely dissipate the excess energy absorbed in high light to avoid photodamage. Furthermore, the emission wavelengths of chlorophylls can be shifted across a broad spectral range in the visible red and near infrared.[@cit10]--[@cit13] The LHCs of photosystem (PS) II (also called LHCb\'s) of plants and algae, for instance, are substantially found in a fluorescent state emitting around 680 nm,[@cit14],[@cit15] whereas the antennae of PSI (LHCa\'s) largely emit at longer wavelengths, from 690 up to 740 nm.[@cit16]

The above-mentioned heterogeneity of LHCs has been probed in multiple works using single-molecule[@cit4],[@cit17]--[@cit19] and bulk[@cit5],[@cit6],[@cit20]--[@cit23] spectroscopic techniques. However, the fine molecular details responsible for the switch between different states are not well understood. Furthermore, it is not clear how this diverse landscape responds to distinct external conditions. Do the LHCs adopt the same quenching mechanism in different environments? And how is the extent of their quenching modulated? The most relevant system to conduct this investigation is the thylakoid membrane. This represents, however, an extremely challenging sample, as the presence of reaction centers and of two types of photosystems results in very complex excited state dynamics, where it is virtually impossible to isolate contributions from a single LHC unit. On the other hand, several studies have demonstrated that the excited state dynamics of LHC aggregates *in vitro* share many spectroscopic signatures with *in vivo* quenching.[@cit23]--[@cit26] Indeed, while isolated LHCs are found mainly in a long-lived state functional for light harvesting,[@cit20],[@cit21] aggregation is well known to decrease their fluorescence quantum yield[@cit27] by shortening the chlorophyll excited state lifetime.[@cit6],[@cit20],[@cit21],[@cit28],[@cit29] A detailed spectroscopic investigation of LHC aggregates, however, is hindered by the high number of energetically connected pigments, which poses additional experimental challenges.[@cit30],[@cit31] In addition, the excited state kinetics of these large and heterogeneous systems become non-exponential due to diffusive processes[@cit32] and incorporate signatures from multiple spectral forms, which further complicates their interpretation.[@cit6],[@cit26],[@cit33] One of the long-standing controversies about quenching in the aggregates concerns the origin of the increased far-red emission observed upon clustering.[@cit26],[@cit27],[@cit34] This observation has been sometimes used to suggest that redshifted states are involved in the aggregate quenching.[@cit26],[@cit30],[@cit35] This interpretation, however, is at variance with experimental evidence from the LHCa\'s, whose red-emitting states are mostly long-lived.[@cit36] At the same time, two recent works on aggregates of LHCII (the major LHC of plants and algae) pointed out that red-emitting states cannot be responsible for quenching, which was instead ascribed to an undetermined dark (non-fluorescent) state.[@cit6],[@cit33] A number of studies[@cit22],[@cit25],[@cit37],[@cit38] have proposed excitation energy transfer from chlorophylls to a short-lived carotenoid dark state as a viable candidate for the latter mechanism.

To date, time-resolved spectroscopic investigations of aggregation quenching have been substantially restricted to oligomers of LHCII *in vitro*[@cit6],[@cit25] or to LHC clusters in the thylakoid membrane,[@cit23],[@cit39] where LHCII is by far the most abundant antenna. However, the fact that the light-harvesting conformation is overwhelming in detergent-solubilized LHCII trimers[@cit6],[@cit20] has hindered the comparison between the isolated and oligomeric conditions. In order to trace a connection between these two environments, this study addresses a different LHC, the minor antenna of plants CP29. As for LHCII trimers, monomeric CP29 (whose structure, shown in [Fig. 1](#fig1){ref-type="fig"}, is very similar to that of monomeric LHCII[@cit40],[@cit41]) preferentially adopts a light-harvesting conformation. However, a significant minority of detergent-solubilized complexes (about 15%) can be found in a markedly dissipative state. This property of monomeric CP29 facilitates the investigation of its quenching mechanism, which was recently assigned to energy transfer from chlorophylls to a dark state of lutein *via* transient absorption (TA) measurements.[@cit22] To assess whether the same quenching mechanism is also functional upon protein clustering and (if true) to which extent it is regulated, the excited state dynamics of CP29 aggregates is here probed *via* time-resolved fluorescence (TRF). This technique allows measurements of the oligomers at the relatively low laser powers that are imperative to avoid power-dependent artefacts,[@cit6],[@cit31] while those would be nearly unavoidable at the higher powers needed for TA. TRF measurements permit to relate the quenching in the monomers to that in the oligomers based on their fluorescence signatures (spectrum, lifetime, occurrence and trapping strength) while avoiding kinetics artifacts.

![Crystal structure of CP29 complex from the PDB file [5XNL](5XNL) [@cit41] exhibiting 10 Chls *a* (green), 4 Chls *b* (blue), and 3 carotenoids---lutein (yellow), violaxanthin (magenta) and neoxanthin (orange)---bound to the protein scaffold (grey). For clarity, only chlorin rings of the Chl pigments are shown. Chls *a*603 as well as *a*611 and *a*612, that are absent in the KO603 and KO612 mutants, respectively (see text below), are indicated explicitly with slightly different color.](d0sc00781a-f1){#fig1}

The work is organized as follows: we first present TRF data (and the results from their global analysis) of native CP29 at room and cryogenic temperatures and comment about general spectral/temporal trends. We successively perform a decomposition of the same data to extract the spectroscopic signatures of the different emissive states present in the aggregates. The results from this decomposition are then used as input for a model-based fit to obtain more insights on the thermodynamic and kinetic properties of these fluorescent states and, more specifically, on the mechanism responsible for quenching. Finally, the same methodology is applied to two chlorophyll-deficient mutants of CP29 ([@cit42]) to shed light on the role of specific chlorophylls in the occurrence and regulation of the observed states.

Methods
=======

Sample preparation
------------------

Monomeric CP29 and its chlorophyll knock-out mutants were isolated from *Arabidopsis thaliana* as described in Xu *et al.*[@cit42] For measurements on monomeric CP29, the sample was diluted to the desired OD in a buffer of HEPES 10 mM (pH ∼ 7.5) and 0.03% alpha-DM. For measurements in the oligomeric state, samples were diluted to the desired OD in a buffer of HEPES 10 mM (pH ∼ 7.5) and 0.003% alpha-DM (*i.e.* below the critical micellar concentration of alpha-DM of about 0.008--0.01%). All samples were incubated for 4 hours after detergent dilution from 0.03% to 0.003% (at 4 °C and gently shaking to avoid precipitation) and one more hour at RT in the measuring cuvette (magnetically stirred with a speed of 1200 rpm). This protocol allowed for 1 hour long fluorescence measurements on a sample with a stable level of aggregation (see Fig. S1[†](#fn1){ref-type="fn"}). Measurements were performed on 3 biological replicas, yielding a relative standard error ≤ 10% on the average fluorescence lifetime of the aggregates at RT.

Experiments were also performed at other detergent concentrations (data not shown) and resulted in qualitatively similar fluorescence kinetics, the only relevant difference being the amount of residual unconnected antenna. Our results on CP29 clusters obtained by detergent dilution also agree qualitatively with those from a previous study on LHCII, where oligomers were obtained *via* bio-absorbent beads. These pieces of evidence indicate that the photophysics of antenna oligomers are fundamentally independent on the preparation method.

Steady-state and time-resolved fluorescence
-------------------------------------------

Room-temperature fluorescence emission spectra were acquired at an OD \< 0.05 cm^--1^ on a HORIBA Jobin-Yvon FluoroLog-3 spectrofluorometer. 77 K emission spectra were measured using a liquid nitrogen cooled device (cold finger).

TRF on CP29 monomers at 77 K was measured *via* time-correlated single photon counting (TCSPC) on a FluoTime 200 from PicoQuant using a liquid nitrogen cooled device (cold finger). The excitation wavelength was 468 nm for all measurements, with a power of 100 μW and a repetition rate of 10 MHz. The OD of all samples was \<0.05 cm^--1^. Under these conditions, no power dependency was observed. The signal was acquired at different wavelengths for 10 minutes (or until a number of 10 000 counts at peak maximum was reached), using a time window of 20 ns and a time bin of 4 ps.

TRF on CP29 aggregates was recorded with a Hamamatsu C5680 synchro scan streak camera, combined with a Chromex 250IS spectrograph. A grating of 50 grooves per mm and a blazed wavelength of 600 nm was used for all measurements and the central wavelength was set to 680 nm, with each image covering a spectral width of 260 nm. The excitation wavelength was 400 nm and the laser repetition rate was 250 kHz. The excitation beam was vertically polarized, with the spot size diameter in the order of 100 μm. A time window of 1.5 ns was used and each measurement contains 60 minutes of CCD exposure time in total. Approximately 0.5 mL samples with OD \< 0.6 cm^--1^ were measured at RT in a magnetically stirred 1 cm × 1 cm cuvette (speed of 1200 rpm). 77 K experiments were performed using a liquid nitrogen cooled device (cold finger). The power dependency of the measured fluorescence kinetics was tested in order to perform all measurements in annihilation-free conditions (see power study in Fig. S2[†](#fn1){ref-type="fn"}). All data were obtained with an excitation power ≤50 μW at RT and ≤25 μW at 77 K. Additional care was taken to avoid significant reabsorption in the measurements. The averaged images were corrected for background and shading, and then sliced into traces of ∼1 nm width (∼2 nm for the KO603 samples to compensate for the lower signal-to-noise ratio resulting from the lower sample concentration).

Data analysis
-------------

Fluorescence time traces were globally analyzed using a number of parallel, non-interacting kinetic components, so that the total dataset can be described by the convolution of the instrument response function (IRF) with the sum of exponentially decaying spectral components![](d0sc00781a-t1.jpg){#ugt1}where each decay-associated spectrum (DAS~*k*~) is the amplitude factor associated with a decay component *k* having a decay lifetime *τ*~*k*~. The instrument response function IRF(*t*,*λ*) was estimated from the fitting in the case of streak camera measurements (FWHM ∼ 20 ps) and *via* the measured decay of pinacyanol iodide in methanol at RT (lifetime of around 6 ps)[@cit43] for TCSPC measurements (FWHM ∼ 90 ps). The EAS were obtained similarly, with populations being obtained from a sequential kinetic model. Note that, for all streak camera data, the global analysis also corrects for the time-zero dispersion.

For TCSPC data, the fitting quality was assessed by the *χ*^2^ value and by residual inspection. More details about the global analysis methods can be found in van Stokkum *et al.*[@cit44]

The excited state kinetics in the aggregates of CP29 at both temperatures were analyzed in terms of multivariate curve resolution as previously reported for LHCII aggregates.[@cit6] This approach allows to extract a minimal number of fluorescent states from the data matrix *F*(*t*,*λ*), each provided with a spectrum (species associated spectrum, SAS(*λ*)) and a kinetic trace *C*(*t*) according to the equation:![](d0sc00781a-t2.jpg){#ugt2}where *N* is the number of components required for an adequate fitting. With this strategy, we could distinguish between the population kinetics of the different spectral components in the aggregate (blue, intermediate and far-red, see [Fig. 4](#fig4){ref-type="fig"}, S20, S21, S25 and S26[†](#fn1){ref-type="fn"}). The minimal number of components *N* needed for the fitting was estimated from Singular Value Decomposition (as the number of independent components above the noise level, see caption of Fig. S5[†](#fn1){ref-type="fn"} for more details).

The extracted kinetics were then used as a reference in our coarse-grained simulations in order to extract other relevant parameters, such as the relative amounts of the different emissive states in the aggregate, the rates of energy transfer between them and the lifetime of the dissipative state. We used the same fitting procedure as in Chmeliov *et al.*,[@cit6] but few changes were implemented to account for the specificity of the samples used here (see ESI Text S1[†](#fn1){ref-type="fn"} for details).

Results
=======

Time-resolved fluorescence measurements on CP29 aggregates
----------------------------------------------------------

Here we present TRF data of CP29 oligomers and compare them to the data of CP29 monomers, which can be found in the ESI.[†](#fn1){ref-type="fn"} Protein clustering induces a drastic shortening of the chlorophyll excited state lifetime. At room temperature (RT), the fluorescence trace detected at 680 nm of CP29 aggregates decays with an average lifetime of less than 200 ps (the monomers have an average lifetime of 3.1 ns at RT, see Fig. S3d[†](#fn1){ref-type="fn"}). Global analysis of the RT TRF data (which are shown in [Fig. 2a](#fig2){ref-type="fig"}) reveals that, after some fast downhill energy transfer ([Fig. 2b](#fig2){ref-type="fig"}, black DAS), two main decay components are present: a faster one (74 ps, red DAS in [Fig. 2b](#fig2){ref-type="fig"}), and a slower one (200 ps, blue DAS). The very small long-lived component peaking at 674 nm (green DAS in [Fig. 2b](#fig2){ref-type="fig"}) is due to a minor fraction of unconnected pigments/antennae. Notably, although the two major decay components both peak around 680 nm, they have a different spectrum, the slower component being broader and more pronounced in the far-red region. Consequently, the average lifetime has a minimum at 680 nm and increases at longer wavelengths, with a maximum near 720 nm ([Fig. 2c](#fig2){ref-type="fig"}). This results in a time-integrated (steady-state) fluorescence spectrum of the aggregates with an enhanced far-red contribution ([Fig. 2d](#fig2){ref-type="fig"}) in comparison to monomeric CP29 (whose average lifetime is, instead, rather insensitive to the emission wavelength, compare [Fig. 2c](#fig2){ref-type="fig"} and S3d[†](#fn1){ref-type="fn"}). These findings prove that energy trapping in oligomeric CP29 exhibits fast heterogeneous kinetics and is slowed down at longer wavelengths (see also Fig. S4g[†](#fn1){ref-type="fn"}).

![TRF of CP29 oligomers at RT. (a) 2D representation (in logarithmic scale) of measured TRF data of CP29 WT excited at 400 nm and detected in the Chl Qy region. (b) DAS from global analysis of the data in (a). (c) Average Chl excited state lifetime in CP29 oligomers (calculated as ![](d0sc00781a-t3.jpg){#ugt3}, where *P*~*k*~ is the amplitude of the component associated with the lifetime *τ*~*k*~) at different wavelengths. Only the 74 ps and the 200 ps components, representing excited state relaxation in the aggregate, were used for calculating the average lifetime (see text for details). The standard deviation on the average lifetime is ±3 ps. (d) Overlay of the time-integrated fluorescence of CP29 oligomers and of the steady-state fluorescence spectrum of CP29 monomers.](d0sc00781a-f2){#fig2}

The wavelength-dependency of the aggregate lifetime and the kinetic heterogeneity become more evident at lower temperature ([Fig. 3a](#fig3){ref-type="fig"}). At 77 K, the fluorescence emitted at 700 nm is sizably longer-lived than that at 680 nm ([Fig. 3b](#fig3){ref-type="fig"}). Furthermore, the fluorescence spectrum at 1 ns time delay is clearly redshifted in comparison to the spectrum immediately after excitation ([Fig. 3c](#fig3){ref-type="fig"}), as previously observed for LHCII oligomers at low temperatures.[@cit6] Global analysis reveals that the excited state kinetics of aggregated CP29 involve several steps on multiple timescales ([Fig. 3d](#fig3){ref-type="fig"}, S4d and f[†](#fn1){ref-type="fn"}): the first two DAS in [Fig. 3d](#fig3){ref-type="fig"} have non-conservative amplitude, which indicates that both downhill energy equilibration and excited state relaxation are taking place in 17 and 74 ps, resulting in the decay of the largest part of the fluorescence signal. The two slower DAS show that the residual fluorescence is emitted from redshifted states in hundreds of picoseconds or even nanoseconds. The resulting average lifetime increases from about 0.1 ns at 680 nm to almost 1.5 ns at 710 nm ([Fig. 3e](#fig3){ref-type="fig"}). Due to the strong wavelength dependence of the average lifetime, the integrated fluorescence of aggregated CP29 at 77 K has a peak at 705 nm, with a shoulder at shorter wavelengths due to short-lived fluorescence at 680 nm immediately after excitation ([Fig. 3f](#fig3){ref-type="fig"}).

![TRF of CP29 oligomers at 77 K. (a) 2D representation (in logarithmic scale) of measured TRF data of CP29 WT excited at 400 nm and detected in the Chl Qy region. (b) Time traces of data in (a) at 680 nm (black) and 700 nm (red). (c) Fluorescence spectra immediately after excitation (black) and at 1 ns delay (solid red, and normalized in dashed red). (d) DAS from global analysis of the data in (a). (e) Average Chl excited state lifetime of oligomeric CP29 (calculated as ![](d0sc00781a-t4.jpg){#ugt4}, where *P*~*k*~ is the amplitude of the component associated with the lifetime *τ*~*k*~) at different wavelengths. The average lifetime was calculated excluding the fastest component (which has a significant energy-transfer character), but including the second one (which is mostly positive and therefore represents mainly decay processes). (f) Overlay of the time-integrated fluorescence of CP29 oligomers and of the steady state fluorescence spectrum of CP29 monomers.](d0sc00781a-f3){#fig3}

Experimental data support a heterogeneous picture
-------------------------------------------------

The excited state kinetics in the aggregates contain contributions from a large amount of energetically connected pigments/antennae and display a marked spectral heterogeneity. As a result of the aggregate size, energy transfer is expected to follow a diffusive regime where a kinetic analysis in terms of DAS and exponential decays was shown not to be appropriate.[@cit6],[@cit45],[@cit46] The current CP29 data reveal fluorescence kinetics that are qualitatively similar to those previously obtained for the oligomers of LHCII.[@cit6],[@cit23],[@cit33] Such kinetics were interpreted in term of a heterogeneous picture where the LHC units in the aggregate can be found in different emissive states, characterized by different spectra and/or lifetimes, similar to what previously observed in single-molecule[@cit4],[@cit17],[@cit18] and bulk[@cit5],[@cit6],[@cit20]--[@cit22] experiments on isolated LHCs. The spectral evolution in the aggregate reflects therefore excitation energy dissipation and transfer between different LHC units following light absorption. Most units in the aggregate must emit at 680 nm, as the time-zero spectrum is reminiscent of the spectrum of monomeric CP29 (both at RT and 77 K, see the first Evolution Associated Spectrum, EAS, in Fig. S4c and d[†](#fn1){ref-type="fn"}). However, due to protein clustering, the initial excitation can hop from the majority of the 680 nm centers to a minority of centers with different emissive properties, such as dissipative (short-lived) centers and/or redshifted centers. At 77 K, when uphill energy transfer is thermodynamically unlikely, fluorescence gradually decays and redshifts across different timescales and spectral components (see [Fig. 3a and d](#fig3){ref-type="fig"} and EAS in Fig. S4d and f[†](#fn1){ref-type="fn"}). The energy equilibration from the whole aggregate to the red-emitting centers is, however, only partial, as the maximum amplitude of the time-trace at 700 nm is more than three times smaller than that at 680 nm ([Fig. 3b](#fig3){ref-type="fig"}). Due to their nearly irreversible trapping, the red-emitting states show a rather long lifetime, in the nanosecond range (see the green DAS in [Fig. 3d](#fig3){ref-type="fig"}). Consequently, other short-lived centers must compete with the red-emitting ones for excitation trapping in the aggregate. This trend is less evident at RT where, even though the decay is still slightly slower in the far-red region than in the blue ([Fig. 2c](#fig2){ref-type="fig"}), the overall kinetics is dominated by the 680 nm emitters at all times ([Fig. 2a, b](#fig2 fig2){ref-type="fig"} and S4c, e[†](#fn1){ref-type="fn"}) and fluorescence almost entirely decays in few hundreds of picoseconds at all wavelengths. These findings can be explained by uphill energy transfer becoming more favorable at higher temperatures and making the trapping by red states more reversible. Energy dissipation by the additional quenching centers becomes therefore more efficient. The measurements performed on CP29 monomers are compatible with the described model, as the red-emitting isolated complexes appear to be long-lived at 77 K (see average lifetimes around 700 nm in Fig. S3d[†](#fn1){ref-type="fn"}). These experiments also provide a valid candidate for the strong quenching centers, *i.e.* the 680 nm short-lived complexes observed at both RT[@cit22] and 77 K (Fig. S3a and b[†](#fn1){ref-type="fn"}).

Extracting the signatures of different fluorescent states from the data
-----------------------------------------------------------------------

In order to apply the above-described heterogeneous picture, the fluorescence data were further analyzed by means of multivariate curve resolution (MCR, see Methods section and Chmeliov *et al.*[@cit6] for details). This approach helps disentangling the contributions of the different emissive states involved in the measured kinetics, obtaining their relative spectra (Species Associated Spectra, SAS(*λ*)) and population kinetics *C*(*t*). Three components were required to successfully reproduce the experimental data from aggregated CP29 at 77 K (see Fig. S5 and S6[†](#fn1){ref-type="fn"} for details). The spectra of these three components, reflecting three distinct fluorescent states of CP29 units in the aggregate, have peaks at about 680, 690 and 700 nm, respectively ([Fig. 4a](#fig4){ref-type="fig"}). These states will be referred to as blue, intermediate and far-red (FR) hereafter. The corresponding kinetic traces are shown in [Fig. 4b](#fig4){ref-type="fig"} and represent the time-dependent population of each species after excitation. The traces were scaled so that all SAS had the same area, which implies that the oscillator strength of all these states is the same (supported by the evidence that the emitting dipole strength in LHCa\'s is similar to that of LHCb\'s).[@cit12],[@cit13] The population of the blue complexes has the largest initial amplitude, rises on the time scale of the instrument response function (IRF) and shows the fastest decay ([Fig. 4b](#fig4){ref-type="fig"}, blue trace). This indicates that blue complexes represent the majority of units in the aggregate and quickly decay due to energy transfer and/or dissipation. Conversely, the two redshifted species (green and red traces) display a slower rise, meaning that they receive excitations from blue complexes, and also have a longer lifetime, a trend which is particularly emphasized in the FR species. The maximum of the red trace in [Fig. 4b](#fig4){ref-type="fig"} is 150 ps delayed with respect to that of the blue trace, showing that excitations can diffuse in the aggregate over quite long timescales. The maxima reached by the traces of the intermediate and FR species are, however, below half of that of the blue species, confirming that the amount of excitations reaching the red-emitting centers represents only part of the total initial excitation and that a number of short-lived centers must be present. The longer lifetime of the two redshifted species indicates that the quenching units have a spectrum more similar to that of the shorter-lived blue species. Interestingly, the spectrum of the blue component overlaps fairly well with the steady-state spectrum of monomeric CP29 ([Fig. 4c](#fig4){ref-type="fig"}). In addition, both quenched and unquenched monomeric antennae display a fluorescence spectrum essentially identical to each other[@cit22] (and to the steady-state spectrum, see also Fig. S3a and b[†](#fn1){ref-type="fn"}). This supports the hypothesis that the blue species observed in the aggregate stem from the same strongly quenched and unquenched states found in the isolated form of CP29. In this view, the contributions from the blue unquenched and quenched complexes would add up to produce the blue trace in [Fig. 4b](#fig4){ref-type="fig"}.

![Analysis and modeling of TRF data. (a) SAS of the three components from MCR of fluorescence data of CP29 oligomers at 77 K. SAS are normalized to their area. (b) Kinetic traces associated with the spectral components in (a). The traces obtained from MCR are presented in thick lines, whereas those fitted using the parameters in [Table 1](#tab1){ref-type="table"} are presented in thin lines. (c) Overlay of the normalized blue and intermediate SAS of panel (a) and of the steady-state spectrum of CP29 monomers at 77 K (red-shifted by 2 nm for better comparison). The spectrum of the intermediate component was blue-shifted by 6.5 nm. (d) SAS of the three components from MCR of fluorescence data of CP29 oligomers at RT. SAS are normalized to their area. (e) Kinetic traces associated with the spectral components in (d). The traces obtained from MCR are presented in thick lines, whereas those fitted using the parameters in [Table 1](#tab1){ref-type="table"} are presented in thin solid lines. A normalized trace for the far-red component is also displayed for better comparison with the blue trace. (f) Overlay of the normalized blue SAS of panel (d) and of the steady-state spectrum of CP29 monomers at RT. (g) Proposed hexagonal arrangement of CP29 monomers in the aggregate. Based on the specific conformation, each unit can be found in one of four different fluorescent states (see text for details): blue unquenched (the most abundant, in blue), blue quenched (in black), intermediate (in green) and far-red emitting (in red). Blue unquenched and quenched complexes are assumed to have the same emission spectrum. At room temperature, only the blue unquenched, blue quenched and far-red emitting states could be resolved by MCR. All states but the blue quenched one are assumed to be long-lived and highly fluorescent (with the lifetime fixed to 4 ns), whereas the decay rate of blue quenched complexes (*k*~blue,q~) is a free fitting parameter in the model (see Text S1[†](#fn1){ref-type="fn"}). Inter-monomer excitation hopping rates are indicated with arrows.](d0sc00781a-f4){#fig4}

Three components can be also extracted from the RT data of CP29 oligomers (see Fig. S7 and S8[†](#fn1){ref-type="fn"} for details). One of these components, with a spectrum blue-shifted to 674 nm and a kinetic trace with very small amplitude and long lifetime (magenta SAS/trace in [Fig. 4d and e](#fig4){ref-type="fig"}) can be assigned to a minor fraction of unconnected pigments/antennae (\<5% of the total initial amplitude) and is therefore neglected in the following analysis. The smaller difference between the decay traces at 680 and 700 nm is such that the overall kinetics is dominated by one "blue" component at all times (blue SAS/trace in [Fig. 4d and e](#fig4){ref-type="fig"}), whereas the amplitude of the additional redshifted species is significantly reduced (red SAS/trace). The kinetic trace of the blue complexes at RT, as for that at 77 K, has a steep rise and the fastest decay ([Fig. 4e](#fig4){ref-type="fig"}). The spectrum of the redshifted component ([Fig. 4d](#fig4){ref-type="fig"}, red SAS), instead, is reminiscent of that of the FR species observed at 77 K ([Fig. 4a](#fig4){ref-type="fig"}, red SAS) and its additional broadening might be ascribed to temperature effects and, possibly, to a minor contribution from intermediate species ([Fig. 4a](#fig4){ref-type="fig"}, green SAS). The kinetic profile of this species at RT also shows a slower rise and decay compared to the blue one (compare cyan and gray lines in [Fig. 4e](#fig4){ref-type="fig"}), as for its low-temperature analogue, meaning again that red-emitting centers are populated from the 680 nm ones and that they have a longer lifetime. Furthermore, only a small fraction of initial blue excitations equilibrates with the red-emitting complexes, which indicates that most energy dissipation occurs *via* different traps. All these analogies suggest that the strongly redshifted species observed at both temperatures represent the same (FR) emissive state. In comparison to the low temperature case, however, the overall kinetics of FR centers at RT is faster and more similar to that of blue complexes (compare the red/blue traces in [Fig. 4b and e](#fig4){ref-type="fig"}). If we assume that the FR complexes maintain a long intrinsic lifetime at all temperatures (as for the constitutively red-emitting LHCa\'s[@cit36]), the sizable shortening of their kinetics at RT might be explained by the higher available thermal energy making them more shallow traps. As a result, the excitations that reached the FR centers can hop back to the blue centers and be dissipated by different traps. The spectrum of the blue component matches that of CP29 monomers at RT ([Fig. 4f](#fig4){ref-type="fig"}), similarly to what is observed for the corresponding species at 77 K ([Fig. 4c](#fig4){ref-type="fig"}). This allows us to assign the blue species observed in the aggregate to the quenched/unquenched states observed in the isolated complex at both temperatures.

Kinetic modeling sheds light on the physical nature of the fluorescent states
-----------------------------------------------------------------------------

The previous analysis allowed us to determine the spectra of the different fluorescent states of the CP29 units in the aggregate, as well as their excited state kinetics after light absorption. However, some relevant information, such as the lifetimes of these fluorescent states and their relative abundance within the aggregate, are still missing. To extract these details from the data, we simulated the kinetic traces obtained by MCR using a coarse-grained model similar to the one previously developed for LHCII oligomers[@cit6],[@cit33] (see Text S1[†](#fn1){ref-type="fn"} for details). As in that work, we assumed that the CP29 aggregates are organized into a 2D hexagonal lattice ([Fig. 4g](#fig4){ref-type="fig"}). The model has a CP29 complex as its smallest unit, whereas intra-monomer energy equilibration is neglected being about an order of magnitude faster than the experimental time resolution.[@cit47]--[@cit49] At RT, each CP29 complex in the aggregate can be found in one of three possible states: blue unquenched, blue quenched, or FR. At 77 K, four emissive states are possible: blue unquenched, blue quenched, intermediate, and FR ([Fig. 4g](#fig4){ref-type="fig"}). Excitations can hop between adjacent complexes with different rates based on their emissive properties. Each conformational state is characterized by a lifetime and an average occurrence in the aggregate. Together with the blue unquenched state, redshifted states were assumed to have (fixed) lifetimes of 4 ns based on the 77 K monomer and aggregate data and on the fact that the red-emitting states of the LHCa\'s are mainly long-lived also at RT[@cit36] (see Text S1[†](#fn1){ref-type="fn"} for details). The fitting parameters were (i) the hopping rates between the different types of complexes, (ii) the lifetime of the blue quenched state, and (iii) the relative abundance of each state in the ensemble. The calculated kinetics were fitted to reproduce the fluorescence kinetics obtained by MCR (in the case of the blue component, the contributions from quenched/unquenched complexes were added up to fit the blue trace from MCR), yielding good fitting quality at both temperatures (see [Fig. 4b and e](#fig4){ref-type="fig"}). The obtained fitting parameters are listed in [Table 1](#tab1){ref-type="table"}.

###### Energy transfer lifetimes, relative occurrence and trapping lifetimes for the different emissive states observed in monomeric and aggregated CP29 at RT and 77 K. The lifetimes of the blue unquenched, intermediate and far-red species were fixed to 4 ns. For the monomer parameters, only the amplitude and lifetime of the strongly quenched blue component is shown (see TRF data in Fig. S3 and Mascoli *et al.*,[@cit22] the error represents 95% confidence intervals). The lifetime and amplitude in parenthesis for the quenched monomers at RT are estimated from previous transient absorption measurements.[@cit22] The aggregate parameters refer to the TRF data and to the model described in the text, as well as the spectral components displayed in [Fig. 4a and d](#fig4){ref-type="fig"} (the uncertainty is expressed as standard deviation). See Methods section and Text S1 for details. An additional fitting parameter was the number of long-lived unconnected complexes, which was extracted from the kinetic trace of the blue component and estimated as \<1% at both temperatures. Note that, for all energy transfer acceptor--donor couples, only the lifetime for the slower (uphill) process is listed, as the lifetime of all downhill and isoenergetic transfers was fixed to 25 ps at RT and 32 ps at 77 K (see Methods section, Text S1 and Fig. S9)

               *τ* ~blue,q→blue,unq~ (ns)   *τ* ~int.→blue,unq~ (ns)   *τ* ~FR→blue,unq~ (ns)   \% Blue,q     \% Int.      \% FR        *τ* ~blue,q~ (ps)
  ------------ ---------------------------- -------------------------- ------------------------ ------------- ------------ ------------ -------------------
  Mon. RT      ---                          ---                        ---                      16 ± 1 (16)   ---          ---          90 ± 30 (54)
  Aggr. RT     1.9 ± 0.2                    ---                        0.44 ± 0.08              21 ± 2        ---          13.9 ± 0.5   79 ± 3
  Mon. 77 K    ---                          ---                        ---                      18 ± 2        ---          ---          130 ± 30
  Aggr. 77 K   0.58 ± 0.09                  1.7 ± 0.3                  31 ± 7                   28 ± 3        11.8 ± 0.3   3.8 ± 0.1    48 ± 3

At RT, the blue short-lived complexes have an effective lifetime of about 80 ps, which is compatible with the lifetime of the strongly quenched state found in monomeric CP29.[@cit22] The relative amount of (strongly) quenched complexes in the aggregate is 21% of the total, which is slightly higher than the 16% found for the monomeric state,[@cit22] while the FR complexes represent about 14% of all units. This suggests that protein clustering increases the occurrence of quenched and FR complexes (the latter are hardly detected in the monomers, whose excited state lifetime is nearly wavelength-independent, see Fig. S3d[†](#fn1){ref-type="fn"}). The hopping times between complexes can be compared to determine their relative effective excited state free energy as Δ*G*~AB~ = *G*~B~ -- *G*~A~ = *k*~B~*T* ln(*τ*~A→B~/*τ*~B→A~ ), where *k*~B~ is the Boltzmann constant. The calculated hopping times suggest that the order of the effective excited state free energies is *G*~blue,q~ \< *G*~FR~ \< *G*~blue,unq~. The blue quenched complexes are therefore very efficient energy traps, as the back transfer to unquenched complexes is unfavorable, whereas the long-lived red-emitting complexes only act as shallow traps due to their longer lifetime and the available thermal energy. At 77 K, the lifetime of the dissipative state drops to 48 ps, which is somewhat shorter than the lifetime of the quenched state in the monomers (Fig. S3a and b[†](#fn1){ref-type="fn"}). The occurrence of the quenched complexes in the aggregate (28%) is also higher than that observed in the monomeric state (18%), implying that clustering stabilizes the quenched conformation also at cryogenic temperatures. The amount of redshifted antennae is nearly 12% for the intermediate state and almost 4% for the FR state. The free energy order at 77 K is *G*~FR~ \< *G*~int.~ \< *G*~blue,q~ \< *G*~blue,unq~. As expected, the red-emitting states (and especially the FR ones) are deeper traps at 77 K than at RT, which virtually prevents excitation from returning back to the blue unquenched complexes.

The role of specific chlorophylls in light-harvesting regulation
----------------------------------------------------------------

The investigation performed so far demonstrates that energy dissipation in CP29 oligomers is due to quenching centers whose emissive properties (lifetime and spectra) are compatible with those exhibited by quenched monomeric CP29. In order to evaluate the contribution of specific chlorophylls to the quenching and to the occurrence of red-emitting states, the above-described fluorescence experiments were repeated on two chlorophyll knock-out (KO) mutants of CP29. These KO complexes lose either Chl *a*612 (and *a*611) or *a*603,[@cit42] respectively, and are therefore referred as KO612 and KO603 hereafter. It should be noted that these two Chls, forming strongly coupled Chl *a* dimers with the neighboring Chls (*a*611 and *a*609, respectively, see [Fig. 1](#fig1){ref-type="fig"}),[@cit41] are involved in the low energy states of the complex.[@cit42],[@cit49] As a result, these two Chls can be expected to play a role in the quenching mechanism and/or in the occurrence of red forms. In addition, we have recently demonstrated that, at RT, only the loss of Chl *a*612 has a significant effect on quenching in the monomers, as the occurrence of short-lived complexes decreases and their decay rate is slowed down[@cit22] (see Fig. S10 and S11[†](#fn1){ref-type="fn"} for the lifetime measurements on the monomeric KO complexes at 77 K).

The measured excited state kinetics of CP29 612/603 KO mutants are qualitatively similar to those of the WT complex. At RT, a drastic quenching is observed in the oligomers in comparison to the monomeric form (see DAS in Fig. S12 and S13[†](#fn1){ref-type="fn"}). Energy dissipation is still slightly faster at 680 nm than at 700 nm (see Fig. S12 and S13[†](#fn1){ref-type="fn"} for the wavelength-dependent average lifetimes). Similarly, at 77 K, energy dissipation and equilibration towards the red proceed in parallel through different timescales and spectral forms (Fig. S14 and S15[†](#fn1){ref-type="fn"}). Some quantitative differences with the WT aggregates, however, can be noticed from the data. The overall trapping appears to be slowed down in the KO612 oligomers (compare, for instance, [Fig. 2b, c](#fig2){ref-type="fig"} and S12a, b[†](#fn1){ref-type="fn"}), which is in agreement with the level of quenching being reduced in the KO612 monomers at RT[@cit22] and 77 K (Fig. S11[†](#fn1){ref-type="fn"}). On the other hand, quenching in the KO603 aggregates is even faster than in the WT aggregates, especially at RT (*cf.*[Fig. 2b, c](#fig2){ref-type="fig"} and S13a, b[†](#fn1){ref-type="fn"}). This experimental evidence is more difficult to interpret, as the level of quenching in the KO603 monomers at RT was shown to be similar to that of the WT.[@cit22] Furthermore, an enhancement of the far-red emission is still observed in the steady-state and time-resolved data of the aggregates in comparison to the KO isolated complexes. However, the amount of red forms appears to be significantly reduced in both KO612 and KO603 aggregates with respect to the WT ones, especially at 77 K (see [Fig. 5](#fig5){ref-type="fig"} and S16[†](#fn1){ref-type="fn"} for the RT data).

![(a) Far-red contributions from fluorescence spectra of CP29 WT and KO mutants (see [Fig. 3](#fig3){ref-type="fig"}, S14 and S15[†](#fn1){ref-type="fn"} for the time-resolved data). Solid lines: time-integrated fluorescence spectra of CP29 (WT and KO mutants) oligomers at 77 K. Dashed lines: steady-state fluorescence spectra (500 nm excitation) of CP29 (WT and KO mutants) monomers at 77 K. (b) Far-red SAS (normalized to their maxima) extracted from 77 K data of CP29 WT, KO612 and KO603 (see [Fig. 4a](#fig4){ref-type="fig"}, S20 and S21[†](#fn1){ref-type="fn"} for the full sets of SAS). Far-red SAS of LHCII oligomers at 80 K (from Chmeliov *et al.*[@cit6]). 77 K emission spectrum of Lhca2 (from Croce *et al.*[@cit50]). (c) Far-red SAS extracted from RT data of CP29 WT (red line, see [Fig. 4d](#fig4){ref-type="fig"}) and Lhca-like spectrum from target analysis of RT fluorescence data of PSI--LHCI of the green alga *Chlamydomonas reinhardtii* (from Le Quiniou *et al.*[@cit51]).](d0sc00781a-f5){#fig5}

MCR was applied to the mutant data as well, yielding again two aggregate-related components at RT (the same blue and FR states found in the WT), and three (the same blue, intermediate and FR states found in the WT) at 77 K (see Fig. S17--S26 in the ESI[†](#fn1){ref-type="fn"} for details). The spectra and concentration profiles of these species are comparable to those obtained for CP29 WT oligomers. The experimental traces were also fitted to determine other relevant parameters for the different fluorescent states highlighted by MCR. These parameters are listed in Tables S1 and S2.[†](#fn1){ref-type="fn"} In both mutants, it is still possible to assign the role of quenchers to the blue centers, whose spectrum is equivalent to that of unquenched blue centers and to the spectrum of the monomeric complexes (see Fig. S20, S21, S25 and S26[†](#fn1){ref-type="fn"}). Moreover, the fitted excited state free energies show the same trends found for CP29 WT at both RT and 77 K (see Tables S1 and S2[†](#fn1){ref-type="fn"}). However, if in CP29 WT aggregates the number and lifetime of the quenched complexes are fairly close to those observed in the monomeric state, this trend is not clearly reproduced in the KO612/603 oligomers. The amount of traps, for instance, increases more drastically in CP29 KO603 upon aggregation, thus explaining the faster quenching observed for this sample (Table S2[†](#fn1){ref-type="fn"}). In addition, the lifetime of the quenched KO612 complexes in the aggregate becomes significantly shorter than that of isolated KO612 complexes, at least at 77 K (Table S1[†](#fn1){ref-type="fn"}). For both mutants, however, the fitting consistently predicts a reduced amount of FR complexes in comparison to CP29 WT aggregates at both temperatures (compare [Table 1](#tab1){ref-type="table"} to Tables S1 and S2[†](#fn1){ref-type="fn"}), which confirms that both KO612 and KO603 CP29 partially lose their capability to switch to the red-emitting states. At the same time, the amount of red forms does not correlate with the extent of quenching, which in the KO603 aggregates is even stronger than in the WT ones. This represents further evidence of the fact that red-emitting states are not involved in quenching.

Discussion
==========

Variety of emitting conformational states
-----------------------------------------

Our results indicate that CP29 aggregates represent a very heterogeneous system where the interplay between different emissive states translates into a variety of spectral components and timescales for the excited state kinetics. An analogous heterogeneity (in terms of both fluorescence spectra and lifetimes) has been previously reported for isolated LHCs by means of single-molecule[@cit4],[@cit17],[@cit18] and ensemble[@cit20],[@cit22],[@cit36] experiments. Here, the information extracted by MCR and simulations provide us with valuable insights into the physical origin of the different fluorescent states observed in the aggregate. This knowledge can be combined with that of monomeric CP29 from our previous work[@cit22] to answer physiologically relevant questions on how the conformational landscape of LHCs is modulated under different environmental conditions. The previously-discussed blue species detected in the aggregate data include contributions from two different states -- one quenched and one long-lived -- with a fluorescence spectrum that is very similar to that of CP29 monomers. Furthermore, the short-lived (quenching) complexes display nearly irreversible trapping, a property that was also observed in LHCII oligomers.[@cit6] The spectrum of the quenched state has the typical features of a chlorophyll excitonic state and implies that the quencher is a dark state accepting energy directly from chlorophylls. The strong trapping character also suggests that energy transfer from chlorophylls to the quencher within the short-lived complexes is rather fast and unidirectional. Quenching in monomeric CP29 exhibits the exact same features and is caused by fast excitation energy transfer from chlorophylls to a carotenoid dark state.[@cit22] The lifetime and spectrum of the short-lived complexes present in the aggregate (as estimated from the fitting) are also compatible with those (experimentally determined) of quenched CP29 monomers.[@cit22] All these pieces of evidence represent a solid proof that CP29 exhibits equivalent emissive states in two very different environments, *i.e.* when detergent-solubilized as a monomer and upon clustering. This indicates that the quenching mechanism promoting efficient energy dissipation in the aggregates is the same active in the isolated complexes, that is, chlorophyll-to-carotenoid excitation energy transfer. This evidence also suggests that a similar conformational landscape might be adopted in the membrane and that an analogue quenching mechanism might play a role in the photoprotective response of plants against excess light. Notably, while oligomerization results in a relative increase of quenched complexes ([Table 1](#tab1){ref-type="table"}), the large majority of CP29 units remains in a long-lived state (blue- of FR-emitting). This proves that the strong quenching achieved in the aggregates does not require a drastic increase in the number of quenchers. Even though aggregation can possibly stabilize the quenched conformation (as further supported by the CP29 KO mutant data), the energetic connectivity resulting from protein clustering is such that a relatively small amount of strong traps is sufficient to effectively quench excitations in the whole aggregate.

Besides quenching, the other spectroscopic signature standing out from the aggregate data is the enhanced emission in the far-red region. This contribution stems from a minor fraction of red-emitting and relatively long-lived complexes. Despite their lower amount, these redshifted antennae can accept excitations from the blue ones and, due to their lower excited state energy, they represent alternative traps to the short-lived blue complexes, implying that they can be still populated to a significant extent. Unsurprisingly, the trapping efficiency of redshifted states is strongly temperature-dependent. At 77 K they act as strong energy sinks and significantly slow down the excited state kinetics in the far-red region (compare [Fig. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). As a result, the steady-state fluorescence exhibits a sizeable enhancement in the far-red spectral region ([Fig. 5a](#fig5){ref-type="fig"}). At RT, where uphill energy transfer becomes more favorable, redshifted complexes become shallow traps and are outcompeted by blue quenched complexes. Their contribution to the overall kinetics becomes less visible, as their lifetime is significantly reduced by de-trapping and quenching by blue centers. A similar trend was also observed for LHCII oligomers, where the red-emitting component could only be resolved at temperatures up to 200 K.[@cit6] However, at variance with that work, where at cryogenic temperatures only one redshifted form was observed, in CP29 oligomers we were able to resolve two different red-emitting states (referred as intermediate and far-red in the results section), indicating that the energy landscape of this LHC is very diverse.

Molecular origin of the red-emitting and quenching states
---------------------------------------------------------

The spectrum of the red-most species peaks around 700 nm and is very broad, resembling that resolved for LHCII oligomers at low temperatures[@cit6] (see [Fig. 5b](#fig5){ref-type="fig"}). It is also reminiscent of the emission spectra of the LHCa\'s[@cit36],[@cit50],[@cit51] ([Fig. 5b and c](#fig5){ref-type="fig"}), whose spectral redshift and broadening are interpreted in terms of a Chl--Chl charge transfer (CT) state mixing with the manifold of Chl excitonic states.[@cit52] Our measurements also reveal that the red-emitting states found in CP29 are relatively long-lived, in agreement with what reported for LHCa\'s.[@cit36] The FR component resolved in our measurements at both RT and 77 K can be therefore explained with the presence of a low-energy Chl--Chl CT state within the excited state manifold of this distinct CP29 fluorescent state. This assignment is also in agreement with Stark fluorescence measurements performed on oligomeric LHCs.[@cit35],[@cit53] The physical origin of the intermediate state is somewhat more difficult to establish. Its spectral broadening is less pronounced and, when blue-shifted, its spectrum still overlaps to a good extent with that of the blue state ([Fig. 4c](#fig4){ref-type="fig"}). In addition, the spectral redshift of the intermediate species is limited to less than 7 nm with respect to its blue counterpart (and is even reduced in the KO mutants, see Fig. S20 and S21[†](#fn1){ref-type="fn"}). This modest redshift (which is still enough for the intermediate state to act as a deep trap at 77 K) might result from a purely excitonic state whose energy is lowered by some specific realizations of protein disorder.[@cit54] However, we cannot completely rule out the hypothesis that a smaller degree of CT character is responsible for the redshift, as the spectra of some LHCa\'s also have similar peak positions.[@cit11],[@cit51]

Another long-standing question regarding the spectroscopy of LHCs is the role of selected Chls in the mechanisms of quenching and fluorescence redshift. In a previous work, we showed that quenching in monomeric CP29 is sensitive to the removal of Chl *a*612, indicating that this Chl and the adjacent Lutein in the L1 binding site are key players in the energy dissipation.[@cit22] However, these data also suggested that more than one quenching site must be present in the complex, as removal of Chl *a*612 slows down the quenching but does not suppress it. The aggregate data confirm these findings. Quenching is indeed slowed down in the KO612 aggregates but remains very effective, indicating that the Chl *a*612 -- Lutein 1 couple is the most efficient quenching site, but not the only potential one. The mutant data also shed light on the role of specific chlorophylls in the regulation of the photoprotective response. Indeed, the WT complex maintains a fairly similar decay rate of the quenched complexes in both the monomeric and the oligomeric state, especially at physiological temperatures, while the number of quenchers does not change drastically. This tendency is somehow altered in the mutants, were the amount and/or rate of the quenched complexes increase more substantially upon aggregation, implying that clustering stabilizes their quenched state to a larger extent. These results suggest that a full pigment complement is necessary for CP29 to preserve a robust conformational landscape, whereas the loss of selected Chls makes this LHC more sensitive to the environment. In this respect, LHCII, which is barely quenched in its trimeric form but develops a significant amount of quenchers upon oligomerization, resembles the CP29 KO mutants more than WT complexes. This difference in flexibility might be a consequence of the different pigment content of LHCII, whose low energy states are concentrated on Chls *a*610--*a*611--*a*612 only (as in CP29 KO603), whereas in WT CP29 there are more low-energy Chls.[@cit49]

The mutants also display a lower extent of red-shifted emission upon clustering. Notably, this feature seems not to correlate with the amount of quenching, as the KO603 oligomers are the most quenched and, at the same time, emit significantly less long-wavelength photons than the WT ones. Despite the aforementioned differences, the enhancement of redshifted emission upon clustering is shared by CP29 WT and KO mutants. The removal of either Chl *a*612 or *a*603, therefore, does not fully abolish the capability of CP29 to switch to red-emitting states, even though the amount of red emission is reduced in both cases (see [Fig. 5a](#fig5){ref-type="fig"} and [Tables 1](#tab1){ref-type="table"}, S1 and S2[†](#fn1){ref-type="fn"}). These results provide new insights on the potential location of red-forms in LHCs. Indeed, the most reasonable candidates for the redshifted Chls in CP29 are the strongly coupled Chl *a* dimers revealed by structural data,[@cit41],[@cit55] that is, Chl *a*611--*a*612 and/or Chl *a*603--*a*609, as the stabilization of a CT state requires a strong interaction between the involved Chls. Furthermore, the red forms of the LHCa\'s have been specifically ascribed to the Chl *a*603--*a*609 dimer,[@cit56] which suggests that the same dimer could be responsible for the redshifted emission also in CP29. Our findings deviate somehow from these predictions and suggest that both Chl *a*611--*a*612 and Chl *a*603--*a*609 pairs are capable of forming a red-emitting CT state. Indeed, the amount of red-emitting complexes is nearly halved by either Chl *a*612 or Chl *a*603 removal. Moreover, the spectrum of the red-shifted species is sensitive to the mutations, especially in the KO612 aggregates, where it significantly blue-shifts ([Fig. 5b](#fig5){ref-type="fig"}), indicating that the red-most forms might be associated to the Chl *a*611--*a*612 dimer. To sum up, the comparison of WT and mutant data indicates that multiple potential quenching and red-emitting sites are present within the same LHC. In addition, the amount of red-shifted emission observed upon aggregation does not correlate with the extent of quenching, which represents an additional proof that far-red emitting states are not responsible for the strong quenching.

Conclusions
===========

Our data show that aggregates of CP29 display a high degree of spectral heterogeneity, resulting from the different fluorescence properties of their units. This variability is already present in the monomeric form of the complex but is easier to capture in its oligomeric state, as the energetic connectivity caused by protein clustering can enhance spectroscopic signatures of quenched and red-shifted states, despite their reduced occurrence. The performed bulk experiments and successive analysis allowed the identification of the different emissive states of CP29 complexes in the aggregates, which could be mapped onto the quenched and unquenched states also observed in the detergent-solubilized monomers. In view of these results, the massive quenching observed upon LHC clustering can be largely ascribed to the same long-lived and quenched complexes becoming energetically connected. The predominant quenching mechanism active in CP29 aggregates is therefore concluded to be the same previously observed in the monomers, *i.e.*, fast chlorophyll to carotenoid energy transfer. Aggregation can stabilize the quenched conformation by increasing its occurrence or reducing its lifetime, but a relatively small amount of strong quenchers is already sufficient to achieve a high extent of energy dissipation. Besides quenching, oligomerization also involves an enhanced contribution from red-emitting complexes in the fluorescence kinetics. These states are here shown not to be involved in quenching as their lifetime is significantly longer than the timescale of energy dissipation. The high resemblance of the redshifted state detected in CP29 oligomers with those exhibited by LHCa\'s is a witness of the common architecture shared by all members of the LHC superfamily. Despite their different structures, pigment content and location in the photosynthetic machinery, they all share the capability to switch between blue- and red-emitting states. The high tunability of pigment--protein interactions, however, is essential in defining the extent to which each of these states is stabilized, as witnessed by the different emissive properties exhibited by LHCa\'s and LHCb\'s in bulk measurements. Despite the predominant "blue" character of the LHCb\'s, however, a smaller amount of red-emitting complexes in the ensemble seems to be unavoidable, at least under certain conditions. Furthermore, results from chlorophyll-deficient mutants of CP29 demonstrate that multiple potential quenching and red-emitting sites can coexist in the same LHC, which is another proof of the robustness of their architecture. Finally, the evidence that the same emissive states are observed in rather different *in vitro* environments suggests that the same states (and therefore, the same quenching mechanism) are adopted by LHCs in the membrane, despite being possibly regulated in a different way.
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